INTRODUCTION
Although most radiation injuries to humans in the past 50 years have been due to accidents (1) , there is mounting concern that radioactive materials could be used as weapons for radiological terrorism. In fact, the Strategic National Stockpile (SNS) assembled a Radiation Working Group that developed a consensus document for evaluation, triage and medical management of patients with acute radiation exposure (1) , and efforts are under way to establish methods and materials to be deployed in the event of a nuclear attack or accident (2, 3) .
Moderate exposure to ionizing radiation can be survived with dose-appropriate medical intervention, and hence rapid triage based on biodosimetry is essential for saving lives and optimizing deployment of resources in the event of a nuclear catastrophe. For example, victims exposed to ,1 Gy will survive without clinical intervention, whereas there are no known life-saving treatments for victims receiving whole-body exposures of .10 Gy. For whole-body doses of between 2 and 10 Gy, there is survival benefit with medical intervention (1) (2) (3) (4) . Depending on the exposure, the intervention may be minimal, involving simply supportive care, or extensive, requiring interventions such as stem cell transplantation (4) . Hence prudent deployment of medical resources and optimal provision of medical care require accurate dosimetry in individual patients.
Developing procedures for evaluation, triage and medical management of exposed individuals is complicated by uncertainties concerning the nature of exposure. Exposures can be whole-or partial-body, external or internal, and they can range greatly in dose rate and in radiation quality. Physical dosimetry would be essentially impossible. Only biodosimetry has the potential to quantify individual exposures for triage for dose-appropriate medical intervention.
Although there are several methods for radiation biodosimetry (e.g. time to onset of vomiting, lymphocyte depletion kinetics), the gold standard is cytogenetic analysis (e.g. chromosome aberrations, micronuclei) of peripheral blood lymphocytes (5) (6) (7) (8) (9) . This provides a highly accurate measure of exposure that also has the potential to distinguish exposures to different LETs and can be used even when there are partial-body exposures, due to the continual mixing of lymphocytes in the blood. Major limitations are that the assays take 2-3 days and require culture of cells in laboratories (i.e., the assays cannot be deployed in the field). Hence the potentially large numbers of individuals that would be affected (or panicked) by a nuclear attack or large-scale accident cannot be screened effectively. Thus there is significant need for an easily administered (field-deployable), quantitative, sensitive diagnostic test for radiation exposure.
This has led to a search for alternative markers of exposure including gene expression profiles (10) (11) (12) (13) (14) (15) (16) (17) (18) . Gene sets derived from experimental mouse models and/ or pre-transplantation patients have been shown to be accurate (82% sensitivity, 75% specificity) in predicting irradiated and nonirradiated human samples (16). With these promising results, work continues to develop transcript-based assays that can predict actual dose at different times postirradiation.
An alternative and complementary approach is to use the proteome to monitor molecular changes after irradiation. A recently published literature review identified 173 human proteins that either are post-translationally modified or are altered in abundance after irradiation (19) . These alterations in protein profiles reflect phenomena such as activation of DNA repair networks, arrest of cell cycle progression, and apoptosis (20) .
ATM, a PI(3)K (phosphatidyl-inositol-3-OH kinase)-like kinase, is the key signaling kinase in response to radiation-induced DNA damage and phosphorylates a wide range of substrate proteins including ATM itself, H2AX, CDKN1A, NBS1, BRCA1, BRCA2, SMC1, p53 and MDM2 (21) . Many of these proteins are modified and/or assembled in nuclear foci associated with sites of DNA damage in a dose-and timedependent manner (22, 23) at clinically relevant dose ranges, and hence these proteomic changes may be useful for biodosimetry.
While there is an extensive body of literature on proteomic changes in response to radiation, experiments were done in a wide variety of cell lines and tissues and under many different experimental conditions. We have undertaken a standardized Western blot-based screen of 301 commercially available antibodies using a common set of cell lines of hematological origin treated with clinically relevant doses of radiation (1 to 12 Gy). We have evaluated these responses between 1 and 24 h postirradiation, the critical period for triage for medical intervention. This screen has generated a large data set that we have assembled on a public website (http://labs.fhcrc.org/ paulovich/biodose_index.html) to be shared with the biodosimetry community. This data set may be of use to the radiation community both as a source of putative biomarkers and also as a source of detailed protocols and validation data on commercially available antibodies that detect radiation-responsive proteins. Finally, we demonstrate that radiation-induced proteomic changes can be detected in circulating cells after total-body irradiation (TBI) in the well-established canine model, supporting the feasibility of using the proteome for in vivo biodosimetry.
METHODS

Cell Culture
Cells of the lymphoblast cell lines GM06990, GM07057, GM10333, GM10832, GM10834, GM10860, GM03187 and GM01526 were obtained from the Coriell Institute (Camden, NJ) and grown at 37uC in 95uC air/5% CO 2 in RPMI 1640 medium supplemented with 15% heat-inactivated FBS, 100 U/ml of penicillin, and 100 mg/ml streptomycin.
Cells of the canine cell line CLGL90 (provided by Dr. Beverly Torok-Storb, FHCRC) were grown at 37uC and 95% air/5% CO 2 in Iscove's modified Dulbecco's medium (IMDM) supplemented with 10% heat-inactivated FBS, 100 U/ml of penicillin, and 100 mg/ml streptomycin.
Blood Samples
Human whole blood samples were obtained from healthy donors under IRB protocol nos. 3942 and 6074 as approved by the Fred Hutchinson Cancer Research Center's Institutional Review Board. Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by Ficoll-Hypaque gradient. Briefly, whole blood was diluted with an equal volume of PBS, layered over a half volume of room temperature Ficoll-Hypaque (density 5 1.077), and centrifuged at 900g for 20 min. PBMCs were harvested from the Ficoll-plasma interface with a plastic transfer pipette, treated with Red Cell Lysis Buffer (catalog no. FP2301300, Fisher Scientific, Pittsburgh, PA), and washed twice with PBS. Cells were expanded by activation with either 10 U/ml PHA (catalog no. 10576-015, Invitrogen, Carlsbad, Ca.) and 10 U/ml Il-2 (PeproTech, Rocky Hill, NJ ) or 50 ml/10 6 cells DynabeadsH CD3/ CD28 T Cell Expander (catalog no. 111-31D, Invitrogen, Carlsbad, CA) and 10 U/ml Il-2 in RPMI 1640 medium supplemented with 15% heat-inactivated FBS, 100 U/ml of penicillin, and 100 mg/ml streptomycin and cultured for 6 to 8 days at 37uC in 95% air/5% CO 2 .
Canine whole blood samples were obtained before and after TBI by phlebotomy under IACUC protocol no. 1668 as approved by the Fred Hutchinson Cancer Research Center's Institutional Review Board. PBMCs were isolated as above and immediately lysed as described below.
Ex Vivo Irradiation and Preparation of Protein Lysates
Before irradiation, cells were suspended at 10 6 cells/ml in fresh medium in T-25 flasks and allowed to equilibrate at 37uC, 95% air/5% CO 2 for 36 to 40 h. Flasks were irradiated in a Nordion Gammacell irradiator at 7.2 Gy/min. Flasks were returned to the incubator for the indicated times. Cells were harvested in prechilled tubes, aliquots were removed for counting, and cells were spun down and washed two times in an equal volume of ice-cold PBS. Cells were counted with a Beckman Coulter Z1 Particle Counter. Cells were also visualized under the microscope in the presence of Trypan Blue to confirm cell numbers and cell viability. Cells were lysed at 10 8 cells/ml in the appropriate buffer (described below) containing protease and phosphatase inhibitors (Sigma, St. Louis, MO, catalog nos. P2850, P5726, and P8340). All lysates were stored in liquid nitrogen and thawed on ice. Lysates were used within 6 weeks. Lysis buffers included: whole cell extraction buffer (150 mM NaCl, 20 mM b-Glycerophosphate, 10 mM NaF, 1 mM EDTA, 0.5% Triton X-100, 0.005% Tween 20, filter sterilized), nuclear and cytoplasmic lysate buffer (NE-PER Buffer, catalog no. 78833, Fisher Scientific), Laemmli buffer (Catalog no., 161-0737, Bio-Rad, Hercules, CA), 103 RIPA buffer (Catalog no. 9806, Cell Signaling Technology, Danvers, MA) diluted in sterile water.
Western Blots
Cell lysates (0.5 3 10 6 cells/lane, ,50 mg) were adjusted to 13 NuPAGEH LDS Sample Buffer containing NuPAGEH Sample Reducing Agent (catalog nos. NP0007 and NP0004, Invitrogen) and heated to 98uC for 5 min before being subjected to SDS-PAGE on tris-acetate or bis-tris novex gels (Invitrogen). Proteins were transferred to 0.45-mm nitrocellulose membranes using an XCell II 1 h in SuperBlock (catalog no. 37515, Pierce, Rockford, IL) with 0.1% Tween20 (Sigma) on a rotisserie rotator (catalog no. M107625Q, Barnstead/Thermolyne, Dubuque, IA) at room temperature. The blocking agent was aspirated away and primary antibody was added at the appropriate dilution and incubated overnight at 4uC in 13 PBS, 10% SuperBlock and 0.1% Tween 20. Membranes were washed with 2 3 10 ml 13 PBS, 0.1% Tween 20. HRP-conjugated horse anti-mouse (catalog no. 7076, Cell Signaling Technology), goat anti-rabbit (catalog no. 7074, Cell Signaling Technology), or mouse anti-goat (catalog no. 305-035-003, Jackson ImmunoResearch Laboratories, West Grove, PA) secondary antibodies were diluted (per the manufacturer's recommendation) in 13 PBS, 10% SuperBlock and 0.1% Tween 20, added to the membrane, and incubated 1 h at room temperature on a rotisserie rotator. Secondary antibody was aspirated away and the membrane was washed with 2 3 10 ml 13 PBS, 0.1% Tween 20, 5 min/wash. Then 13 LumiGLO substrate (catalog no. 7003, Cell Signaling Technology) was added and incubated 5 min at room temperature on a rotisserie rotator. The membrane was then exposed to film (CL-XPosure, Pierce), developed, scanned and digitized. Although Western blot data do not provide absolute quantification of protein signals, relative signal intensities can be estimated through the use of internal controls. We ran a series of gels, each containing the same standard lysate (see Fig. 5A ). After digitization of the film image, ImageQuant TL software (GE Healthcare, Piscataway, NJ) was used to measure pixel intensity to calculate the total signal of the relevant band from each lane. Local background corrections were used. Care was taken to ensure proper loading of the gel and proper length of exposure of the film to ensure that the film was not saturated. The signal from each lane was normalized to the signal in the control lane. These normalized values were then plotted for each antibody at the indicated times postirradiation (see Fig. 5B ).
RESULTS
Overall Design of Study
The purpose of this screen was to identify radiationresponsive proteomic changes that are induced in the clinically relevant (i.e. potentially treatable) dose range (#10 Gy) within 24 h of exposure. The ultimate goal was to identify a panel of radiation-responsive protein changes that may be useful for biodosimetry.
A total of 301 commercially available antibodies were screened by Western blot analysis to identify and characterize radiation-induced changes in human cells. As described below, multiple cell lysate buffers were used to maximize the chances of observing radiationresponsive proteins. We chose to use human lymphoblastoid cell lines for our initial screen for several reasons: (1) Large quantities of cells can be grown with ease, allowing large batches of lysate to be harvested for the screen; (2) a large body of research has demonstrated an intact proteomic radiation response in human lymphoblastoid cell lines; (3) hematotoxicity is the major cause of death from radiation exposures in the clinically treatable dose range; and (4) for the downstream application of dosimetry, blood cells are easily obtained through phlebotomy. To ensure that radiationresponsive proteomic changes were not an artifact of immortalization of lymphoblastoid cell lines, a subset of responsive proteins was confirmed in human peripheral blood mononuclear cells (PBMCs; see below).
The rationale for choosing the radiation type (c rays), exposure type (pulse or continuous), and dose rates was as follows: (1) The radiation dose from prompt neutrons dissipates rapidly as one moves from the hypocenter (24) , such that the vast majority (,98%) of the total dose comes from c rays at distances where potential survivors will be located. In addition, radiological terrorism from a ''dirty'' bomb or a contaminated food supply is probably more likely than a nuclear bomb, and many of the currently available sources of radiation material for ''dirty'' bombs emit c rays. (2) A single burst of exposure was chosen for the initial experiments; in the event of a nuclear explosion, most of the total dose from c rays (both prompt primary and secondary) occurs over a relatively short time (24) . In the case of Hiroshima and Nagasaki, there was little contribution to the dose beyond 40 s (24) . (3) Although our dose rates will not match the delivery rate from a nuclear explosion, different types of radiological terrorism (i.e. dirty bomb, contaminated food supply) may be at a similar or slower rate of exposure than we have chosen. Of course, other forms of radiation and exposure may contribute to biological effects; future validation studies will need to examine these various parameters before accurate biodosimetry can be performed.
The overall design of the screen is shown in Fig. 1 . Briefly, all 301 antibodies were initially screened against lysates derived from human lymphoblastoid cell lines treated with 10 Gy or mock-irradiated and harvested at different times between 0 and 24 h postirradiation. As a technical quality control (QC) measure, the Western blot was repeated for 42 of the 110 antibodies that showed radiation-responsive changes; all 42 results were reproduced successfully. As a second QC measure, 104 antibodies were also confirmed in a completely independent lymphoblastoid cell line; all results were reproduced successfully. Finally, a subset of 25 antibodies that showed robust radiation-dependent responses with minimal nonspecific bands were confirmed in freshly harvested human peripheral blood mononuclear cells (PBMCs) irradiated or mock-irradiated ex vivo and harvested at multiple times out to 24 h. All results are displayed on the website and summarized in Supplementary Table 1 .
Standardized Conditions
The scale of this screen (301 antibodies, multiple radiation doses, multiple times, multiple cell types/lines, and multiple lysate buffers) necessitated the production of a large amount of protein lysate for Western blotting and hence obviated detailed optimization of working conditions for individual antibodies. Therefore, considerable effort was put into developing robust standard operating protocols for generating cell lysates and Western blots to ensure reproducible results that worked well for most antibodies throughout the large-scale PROTEIN-BASED BIODOSIMETRY screen. For example, we optimized a generalized Western blot protocol after evaluating different parameters including transfer membranes, blocking agents, wash conditions, secondary antibodies and chemiluminescence substrates. We settled on conditions (see Methods section and detailed protocols on the website) that gave us an optimal signal-to-noise ratio for a wide variety of primary antibodies. While more optimized conditions may be obtained for individual antibodies, we found that our generalized conditions worked well and increased the likelihood of detecting radiationinduced changes for the antibodies in aggregate.
We also tested a variety of lysis buffers including RIPA, Laemmli, an ELISA-compatible whole cell buffer, and a commercial kit that enriched for cytoplasmic or nuclear proteins (NE-PERS; see Methods). No single buffer was optimal for all proteins (Fig. 2) . As expected, chromatinassociated proteins (e.g., H2AX and Smc1) were best extracted with higher detergent levels such as Laemmli or NE-PERs, while non-chromatin proteins (e.g., Chk2, P53, Rad17) were best extracted with more gentle buffers such as whole cell lysis buffer or the cytoplasmic buffer in the NE-PERs kit.
Summary of Antibodies Screened
We screened 301 different commercially available antibodies. Many antibodies were selected based on either previous documentation of their radiation responsiveness or their known involvement in pathways and processes associated with the DNA damage response (e.g., apoptosis, cell cycle control). These 301 antibodies map to 161 unique proteins. (Supplementary Table 1 ). In the cases where we had multiple antibodies to the same protein, they typically recognized different post-translational modifications (PTM) or different epitopes on the protein.
In some cases we screened multiple antibodies to the same PTM to evaluate the relative quality of the antibodies for Western blotting. More than 675 Western blots were generated during the screen.
Of the 301 antibodies, 144 recognized total protein (pan), 126 recognized specific phosphorylated sites, six recognized specific acylated sites, seven recognized phospho-motifs (e.g. phospho-ATM/ATR motif), two recognized only their non-phosphorylated epitope, and 16 recognized either their target protein's pro-form and/or activated cleaved form (Fig. 3A) . Antibodies were ob- tained from 13 different companies with three-quarters of the antibodies obtained from three vendors (Fig. 3B) . The majority of the antibodies (78%) were derived from rabbits with about a third of the rabbit antibodies from rabbit monoclonal cell lines. Twenty percent of the antibodies were derived from mice and seven antibodies were raised in either goats or sheep (Fig. 3C) . We counted the number of non-specific bands (up to a maximum of 10) for each blot. For our Western blotting conditions, rabbit monoclonal lines gave the least number of nonspecific bands while goat polyclonal antibodies gave the largest number of non-specific bands (Fig. 3D) .
Results of the Screen and Summary of Website
The results of the 301 antibody screen are as follows: (1) 110 different antibodies that map to 55 unique proteins showed a radiation-responsive change (Table 1) ; (b) 153 antibodies detected a band at the expected molecular weight but did not detect a radiation-dependent change; and (c) 38 antibodies failed to detect the target protein (i.e., no band was observed at the expected molecular weight). The phospho-motif antibodies (e.g. phospho-ATM/ATR motif) detected two to six different radiationdependent changes per antibody. Twenty-one proteins that were previously identified as radiation responsive in the literature were non-responsive in our screen (ADAM9, AQP3, ARHGDIA, BAX, BID, CASP8, CDKN2A, DCLRE1C, ERBB2, FAS, FMR1, GADD45A, GSS, MAPK6, MAPK8, NPM1, PCNA, RAD51, RAF1, RPS6KA1, SOD2). This discrepancy is most likely due to either failure of the antibody in our screen or perhaps differences between the cell types or conditions examined in the various studies.
The data from more than 675 Western blots generated in this study have been assembled on a public website (http://labs.fhcrc.org/paulovich/biodose_index.html). On the Biodosimetry project home page (Fig. 4A) , the results are indexed both by protein name and by antibody. On the protein index page (Fig. 4B) , the protein name, gene symbol, protein precursor molecular weight, and a link to the protein SwissProt ID are provided. For each protein, the index page links to a page (Fig. 4C ) providing a brief protein or gene description, bioinformatics links to both protein and gene-based websites, and a link to the Western blot data for that specific target (Fig. 4D-G) , including specific information and links regarding membrane number, antibody catalog number, target protein, target site, precursor molecular weight, a link to the source company, antibody type and antibody dilution used. Additional links from the home page (Fig. 4A) include protocols, cell lines and links to vendors and resources. Finally, a master spreadsheet summarizing the experiments performed for each protein/antibody is available as Supplementary Table 1 and also as a downloadable file from the website.
The 55 Radiation-Responsive Proteins
The 55 radiation-responsive proteins are shown in Table 1 . Of the changes observed, 29 showed upregulation and 26 showed down-regulation relative to the nonirradiated sample. An additional 12 proteins, not included in Table 1 , were classified as marginal due to conflicting data and warrant further investigation (CDC27, CDC42, CDK6, DAP, DDB1, EIF4B, ESR1, HGS, HIST4H4, HTT, NFKBIA, RAD21).
Of the 55 radiation-responsive proteins in our screen, 34 were previously identified in a recent comprehensive literature review by Marchetti et al. (19) . Of these 34 proteins, 14 were previously identified in blood cell types by Western blotting, while the remaining 20 proteins were identified in other tissues or cell types. Of the 21 proteins identified in our screen but not identified in the literature review of Marchetti et al., seven were described elsewhere in the literature previously as responding to ionizing radiation. Hence our screen identified an additional 14 radiation-dependent proteomic changes that have not been described previously at the protein level, although some (e.g., GSK3A, PHLDA3, PLK1) have been identified at the transcript level (10) ( Table 1) .
Response Profiles for Radiation-Modulated Proteins
Although a single molecular change (e.g., appearance of a phosphoprotein) may be used to make the binary distinction between an exposed and an unexposed individual, it is highly unlikely that a single molecular change will be sufficient for accurate, detailed biodosimetry. For example, given the dose and time dependence of radiation-induced changes, use of the level of an radiation-responsive phosphoprotein to estimate exposure will be possible only if the exact time of exposure is known. However, a panel of markers whose activation profiles are complementary in both the dose and time dimensions would have better discriminatory capability, perhaps even in the absence of knowledge of the timing of the event. We demonstrated the feasibility of this approach by semi-quantitative Western blotting (Fig. 5) . By comparing the relative expression levels across the panel of markers, we found a unique signal pattern for each of the doses tested at each of the four times evaluated. For example, while phospho-Chk2 T68 is induced after exposure to 1 Gy, ace-P53 requires 3 Gy for significant induction. Further, radiation-dependent signals decay at different rates. For example, PhosphoRad17 S645 reaches maximal activity by 3 h and remains at a steady level through at least 16 h while acyl-P53 K382 peaks near 8 h and is significantly reduced by 16 h.
In Vivo Results
Our screen was performed on cultured (and cycling) blood-derived cells irradiated ex vivo, whereas we ulti-PROTEIN-BASED BIODOSIMETRY mately want to perform dosimetry measurements on blood cells collected after in vivo exposures. Hence, for these proteomic changes to be useful for dosimetry, they must also occur in circulating blood cells after an in vivo exposure. As an initial test to determine whether radiationresponsive proteins identified after ex vivo radiation could also be detected after in vivo radiation, we used a large animal model, the dog. The canine model of radiation 
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exposure and hematopoiesis is highly predictive of clinical outcomes in humans (25) (26) (27) (28) . Hence, although ultimately any new diagnostic will need to be validated in humans, the dog is an attractive large animal model for pilot testing and initial characterization of new diagnostics for detailed biodosimetry, since it will be ethically unfeasible to obtain data from human in vivo exposures over a wide range of doses and times (we are limited for human studies to rare accidental and well-characterized exposures or to therapeutically determined doses and times). First, we identified a panel of antibodies that exhibited cross-reactivity to the orthologous canine proteins by Western blot analysis of canine PBMCs irradiated ex vivo. Of 14 antibodies selected from our screen, eight showed cross-reactivity with the orthologous canine proteins (Fig. 6A) ] revealed the expected proteomic change in response to radiation in the canine cells (Fig. 6A) .
We next determined whether the radiation-induced phosphorylation of Smc1p observed in the canine cells irradiated ex vivo (Fig. 6A) could also be detected in PBMCs derived from animals after 1 Gy TBI. Whole blood samples were collected from the animal before TBI and 2 h after TBI. PBMCs were isolated, protein lysates were prepared, and the lysates were subjected to Western blot analysis. As shown in Fig. 6B , phosphorylation of Smc1 at two different sites is easily detected in the blood samples collected after TBI, supporting the feasibility of using the proteomic response of circulating cells for biodosimetry.
DISCUSSION
Feasibility of Proteomic-Based Biodosimetry
The following observations strongly support the feasibility of protein-based biodosimetry: First, the cellular response to ionizing radiation is rapid (onset within seconds-minutes), dose-dependent and timedependent. Second, different radiation-responsive proteins show diverse activation profiles (such as different PROTEIN-BASED BIODOSIMETRY activation thresholds or kinetics of induction and disappearance), suggesting that a panel of complementary protein changes could be assembled to perform dosimetry in both the time and exposure dimensions. Third, the large number of potential radiation-induced proteomic changes that could be assembled into a biodosimetry panel will likely enhance the specificity of the dosimetry since many potential confounding conditions during a nuclear event (e.g., a stress response, trauma) would be unlikely to activate a broad panel of radiation-responsive proteins. Fourth, radiation-induced proteomic responses can be detected in blood samples drawn after TBI (Fig. 6B) . Fifth, protein-based diagnostic formats such as the ELISA are widely used in clinical diagnostics to measure targets in the ng/ml to pg/ ml range. ELISA-based assays are used extensively as clinical diagnostic tests (29) , and hence there is significant precedent for the success of such assays to be commercialized as diagnostics.
Development of a new diagnostic test is a lengthy process, and this study is only the beginning. To translate these radiation-responsive protein changes into a biodosimetry panel, quantitative assays must be developed. The ELISA is an attractive option given its current use in diagnostics (e.g. home pregnancy tests), generally high sensitivity (pg/ml), and ease of distribution and use. Once quantitative assays are constructed and characterized, a tremendous amount of validation will need to be performed before the test can be deployed for biodosimetry. For example, humans are highly variable with respect to their intrinsic radiation sensitivity, as demonstrated by the severe radiation sensitivity of individuals who lack Atmp and are afflicted with ataxia telangiectasia. Hence it will be important to characterize this variation in population studies and to determine how this variation correlates with radiation toxicity. Additionally, biodosimetry is complicated by uncertainties concerning the nature of exposures, which can be whole-or partial-body, external or internal, and can range greatly in dose rate and in radiation quality; future validation studies will need to examine these various parameters before accurate biodosimetry can be performed. Indeed, it may make good sense to prioritize for assay development those radiation-induced changes that display the most consistent responses, such as those that give comparable kinetic and intensity patterns over as wide a range of dose rates as possible.
Biology of the Radiation Response
A dramatic cascade of kinase activity occurs in response to radiation, as supported by a recent largescale study that identified ,700 proteins phosphorylated by mammalian cells after irradiation (30) . Hence it is not surprising that of the 14 novel radiation-responding proteins identified in this screen, six are protein kinases (EEF2K, IRAK4, PLK1, SKP1, SYK and ZAP70) and one is a kinase-associated cyclin (CCNE2). One of these radiation responders, eukaryotic elongation factor 2 kinase (eEF2k), phosphorylates and inactivates eEF2, leading to inhibition of translation (31) . This kinase can be inactivated by the p70S6 kinase (RPs6KB1), which is involved in G 1 cell cycle progression (32) and is in turn phosphorylated in a radiation-dependent manner [reviewed in refs. (19, 33) ].
Proteins more directly involved in DNA metabolism are also on the list of 14 novel radiation-responsive proteins. For example, TOP2A is a type II topoisomerase (TOP2A), a class of enzymes that can convert to a DNA nuclease when cells encounter oxidative stress (34) . Additionally, CASP7 is known to cleave the PARP1 gene product (35) , which is a known radiationdependent response (36) ; both CASP7 and cleavage of PARP were detected in this screen.
Although most published studies of proteomic responses of human cells to radiation have been done with transformed or immortalized cell lines, it is possible that the responses of immortalized cells do not reflect the normal physiological response of un-immortalized cells in their normal physiological milieu. In fact, one could argue that the likelihood that there are artifacts in cell lines is high, given that the very processes that result in immortalization affect pathways known to be involved in cell cycle and growth regulation, and some are directly involved in the DNA damage checkpoint (37) . Despite these concerns, our results demonstrate that many of the radiation responses initially studied in immortalized cells are relevant to normal physiology. For example, all 25 antibodies (15 unique proteins) that we screened in both lymphoblastoid cell lines and PBMCs demonstrated FIG. 6 . Western blots of the ex vivo and in vivo canine radiation response. Panel A: Human (Hs) and Canine (Cf) cells were irradiated or mock-irradiated and whole cells lysates were prepared 2 h postirradiation. Lysates were subjected to Western blotting with the indicated antibodies. Panel B: Canine whole blood was drawn before and 2 h after (in vivo) total-body irradiation. PBMCs were isolated by Ficoll gradient and whole cell lysates were then subjected to Western blotting with the indicated antibodies.
PROTEIN-BASED BIODOSIMETRY perfect qualitative concordance in the radiation profiles across the two cell types. Additionally, our initial results of blood samples drawn after TBI in the canine model (Fig. 6B ) demonstrate that at least some of these responses will be present in vivo. Whether quantitative dosimetry and kinetics of the response will differ between in vivo and ex vivo irradiated cells remains to be seen and must be investigated once quantitative assays are available.
Website Resource
In addition to identifying a panel of potentially useful proteins for biodosimetry, this data set may also provide a valuable resource for the community by providing validation data and working protocols for antibodies of interest. For example, a major obstacle for basic research is a lack of validated affinity reagents. Often an antibody is not available for a target of interest. Even when antibodies are available, they are generally poorly validated and often do not work for the desired application. Frequently, laboratories purchase several antibodies from multiple sources and hope that one will work. The National Cancer Institute is currently working to address this issue, creating a ''shared proteomics reagents resource'' through which it will coordinate efforts in characterization, validation and annotation of antibody reagents (38) . The envisioned end product will be a publicly accessible virtual repository of antibodies and associated validation data. A similar project has recently emerged from the European community (39) . We note that as part of this study, we have generated antibody validation data that will be of use to the radiation research community. Specifically, our large antibody screen (1) validates a subset of commercial antibodies (and identifies poor performers) for Western blot detection of proteins relevant to the radiation response, (2) provides working conditions for using these antibodies in Western blotting, including a determination of the most compatible cell lysate conditions, and (3) documents the dose and time dependence of radiation-induced proteomic changes in human cells. Thus we hope that the website described in this study will be a useful resource for the radiation research community. 
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